A water-soluble polysaccharide SJ-A presenting a relatively narrow molecular weight distribution was prepared by ethanol precipitation and purified from the pods of S. japonica. Chemical composition, molecular weight distribution, and glycosidic configurations of SJ-A were elucidated by sugar analysis, molecular determination, Fourier-transform infrared spectroscopy (FTIR), and nuclear magnetic resonance (NMR) analyses. The impacts of the concentration (0.5-2.0%) of SJ-A on the rheological parameters were investigated to clarify the molecular crosslinking features of SJ-A in relation to its rheological properties. The experimental results indicated that the microstructural coupling of the gel induced at higher concentrations of SJ-A required a higher frequency of the rheometer.
Introduction
Sophora japonica belongs to the family of Leguminosae and is widely cultivated in all parts of China to exploit the pharmacological properties of its organs such as the stem, leaves, flowers, fruits, and seeds. Indeed, these parts contain flavonoids, which have been previously investigated. [1, 2] Besides the numerous bioactive substances present in the plant, S. japonica may be a potential source of polysaccharides. According to a previous study, [3] galactomannan isolated from the endosperm of its seeds has been identified as the main energy storage component in legumes. Galactomannan is a heteropolysaccharide, which can form at relatively low concentrations (0.04-0.1/%, w/v) viscous solutions exhibiting a non-Newtonian behaviour. [3, 4] Therefore, S. japonica is a very interesting alternative and renewable source for food colloids.
Notably, ripe S. japonica fruits (Chinese name, Huaijiao) flesh out a sticky colloidal substance different from the one secreted from the fruit named achene from other Sophora species. Interestingly, the content of the colloidal substance in the pods of the fruits is increased when the seed is stunted or totally damaged by insects. To the best of our knowledge, the exact composition of the colloidal substance is not yet known.
The aims of this study were to extract and characterize the colloidal compound contained in S. japonica pods. Isolation and purification proceeded via a hot water extraction, precipitation with ethanol, lyophilization, and chromatographic purification using DEAE-52 cellulose and Sephadex G-100. The isolated compound was characterized by high-performance gel-permeation chromatography (HPGPC), gas chromatography (GC), Fourier-transform infrared spectroscopy (FTIR), and nuclear magnetic resonance (NMR). Moreover, the rheological properties of the polysaccharide were evaluated for the potential application of the polysaccharide in foods.
Materials and methods

Materials
Ripe fruits of S. japonica were collected after a 5-month blooming of the trees from the Tianjin University of Science and Technology, China. The seeds were manually removed from the fruits as described by Bourbon et al. [5] The deseeded fruits as pods were dried under sunlight and stored at room temperature for further use.
Isolation and purification of the polysaccharide
Unlike the common Leguminosae species, the pods of S. japonica exhibited a green or slightly yellow colour and were fleshed and beaded. The deseeded pods were covered with a green sticky substance, supposedly composed of polysaccharides or some viscous proteins. The seed could be divided into three parts: a seed coat presenting a smooth surface of black to brownish-black colour, a transparent endosperm slightly elastic, and a typical leguminous double green cotyledon. According to a published procedure, the pods (50 g) were heated in ethanol (80%, v/v) at a ratio of 1:4 (w/v, pods/ethanol) at 70°C for 30 min to remove ethanol-soluble substances, such as lipids and pigments, and to inactivate the enzymes. [6] The ethanol was separated by filtration, followed by a washing with water to avoid the residual alcohol. The distilled water at a proportion of 1:1 (v/w) was added to the sample, which was then placed at 25°C for 12 h to allow the husks to expand. The polysaccharide was extracted three times with distilled water (10:1, w/v) at 60°C, under stirring (2 h each time). The suspension fractions were pooled and stored at 4°C for 12 h. The obtained viscous solution was filtered through a nylon mesh to remove the pods residues and then concentrated by evaporation of the water under vacuum. The polysaccharide was precipitated by ethanol (80%, v/v). After centrifugation, the precipitate was successively washed with ethanol (78%, v/v), acetone, and anhydrous ethanol, to obtain the crude polysaccharide free of low molecular weight impurity such as pigments but still containing proteins. The extract was named S. japonica SJ-Pr fraction.
The crude fraction was dialyzed and the proteins were removed as described by Sevag . [7] The sample was then lyophilized before further analysis and named SJ. The SJ fraction was purified with an anion-exchange DEAE-52 column (Pharmacia, 2 cm, ID × 40 cm). The product was eluted stepwise with distilled water followed by a sodium chloride (NaCl) gradient (0-0.4 M) at a flow rate of 1.0 mL.min −1 . The main fractions containing the polysaccharide eluted from the DEAE-52 column were pooled to form the SJ-1 fraction, and then dialyzed for 48 h against distilled water (cut-off Mw 7000 Da) and lyophilized. The obtained substrate (80 mg) was dissolved in deionized water (2.0 mL). After centrifugation, the supernatant was further purified on a Sephadex G-100 column (Pharmacia, 1 cm ID × 80 cm) using ultra-pure water as the eluting solvent.
The total polysaccharide content of each elution was detected by the phenol-sulphuric spectrophotometric method, [8] using galactose as the standard sample. According to the obtained polysaccharide contents, the main fractions were pooled, concentrated, dialyzed for 48 h against distilled water (cut-off Mw 7000 Da), and the retentate was finally lyophilized to yield the sample named SJ-A.
Physicochemical characterization
The moisture content was determined by gravimetric analysis as follows. The sample (1 g) was heated at 105°C until reaching a constant weight. The total carbohydrate content was determined by the phenol-sulphuric acid method, using galactose as the standard. [8] The protein content was estimated by a Bradford assay [9] using BSA (Sigma-Aldrich, St Louis, MO, USA) as a standard. The uronic acid content was measured following the method described in the literature [10] and the absorbance values were recorded at 520 nm. A standard curve of the absorbance of glucuronic versus its concentration was established to quantify the uronic acid content.
The monosaccharide composition was analysed on an Agilent 7890A GC system equipped with an OV-1701 column (30 m × 0.32 mm × 0.5 μm, Agilent Technologies Inc., USA) as described in the literature [11] but with some modifications. Briefly, the polysaccharide (10 mg) was completely hydrolysed into monosaccharides with 0.5 mL of 2 M trifluoroacetic acid at 110°C for 5 h. The excess of acid was removed by three co-distillations with methanol under a nitrogen atmosphere. The released monosaccharides were then converted into alditol acetate by successive reduction with sodium boron hydride (NaBH 4 ) and acetylation with a mixture containing acetic anhydride and anhydrous pyridine (1:1, v/v), and subsequently analysed by GC. The mobile phase was a nitrogen gas at a flow rate of 1 mL.min −1 and the column temperature was set to 190°C. The temperatures of the injector and detector were 250°C and 280°C, respectively. The standard monosaccharides glucose (Glc), galactose (Gal), mannose (Man), arabinose (Ara), xylose (Xyl), rhamnose (Rha), and ribose (Rib) were also subjected to the GC system as references. The internal standard was inositol (SigmaAldrich, St Louis, MO, USA).
Determination of the purity and molecular weight
The weight average molecular weight was determined by HPGPC carried out on a Waters 515 instrument (Waters Corp., Milford, MA, USA) fitted with a Waters 2410 refractive index detector and a TSK G4000-SWXL column (30 cm × 7.8 mm, 13 µm, Tosoh Bioscience Co., Kyoto, Japan). The mobile phase was ultrapure water at a flow rate of 0.8 mL min −1 and the sample concentration was 1 mg.mL −1 . The HPGPC system was calibrated with T-series Dextran standards (Sigma-Aldrich, St Louis, MO, USA) having definite molecular masses ranging from 10 to 500 kDa. During the experiment, the column was kept at 30°C. The sample solution was prepared under the same conditions used in a previous study. [12] All acquired data were recorded and analysed using the gel permeation chromatography software (GPC, version M32).
Infrared spectral analysis
The FTIR spectrum of the SJ-A sample was recorded on a Shimadzu IR spectrophotometer (Model 8300, Kyoto, Japan) in the range of 4000-400 cm −1
. Before detection, the samples were mixed to potassium bromide (KBr, spectroscopic grade) and pressed into a 1-mm pellet. Each FTIR spectrum was processed using the OMNIC software (version 8.2, Thermo Fisher Scientific Inc., Madison, WI, USA). ) dissolved in D 2 O were recorded at 25°C on a 400 MHz Bruker spectrometer (AVANCE III, Bruker, Germany) equipped with a 5-mm inverse probe. Chemical shifts were expressed in ppm (δ) using tetramethylsilane (TMS) as reference for the 1 H and 13 C signals. The 13 C NMR spectrum of the purified polysaccharide presenting a high molecular weight was better resolved after partial hydrolysis than that of the native polysaccharide. The polysaccharide was partially hydrolysed by dissolving the polysaccharide in D 2 O and sealing the NMR tube and then heating at 90°C for 12 h under intermittent agitation of the tube.
NMR spectroscopy analysis
Rheological measurements
Samples at different concentrations (0.5-2.0% w/v) of the SJ-A polysaccharide in distilled water were prepared and left overnight at room temperature to obtain a fully dissolved system. The experiments were performed with a HAAKE MARS-III rheometer (Thermo Fisher Scientific Inc., Germany) equipped with stainless steel parallel plates (Φ=20 mm) and an intelligent control temperature system set at 25°C. A gap of 2 mm was kept during all the experiments and a serrated surface was applied to avoid slippage. The data were recorded and analysed using the HAAKE PolySoft software.
Steady-state viscosity measurements were performed by subjecting the solutions to linear sweep procedures at shear rates ranging from 0.1 to 100 s −1 . The apparent viscosity at a given shear rate was calculated as the ratio of shear stress to shear rate. [13] The dynamic rheology frequency sweep was run from 0.1 to 100 rad s −1 within the strain range of 1%. This range was selected after a preliminary strain sweep test performed over a frequency range of 0.01-10 Hz and at a constant temperature of 25°C to determine the linear viscoelastic region. The storage modulus (G′) and loss storage modulus (G″) values were recorded. [14] The power-law correlation constants related to G′ and G″ and the angular frequency (rad s −1 ) for the SJ-A solution were determined using Eq. (1) and Eq. (2), respectively:
where k′ (Pa.s n ) and k″ (Pa.s n ) were intercepts, n′ and n″ were slopes of the frequency dependence of G′ and G″, respectively, and ω was the angular frequency (rad s ).
Statistical analysis
The statistical analysis was performed by a one-way analysis of variance using the SPSS Statistics software (version 17.0, SPSS Inc., Chicago, IL, USA). Duncan's multiple range tests were used to compare the mean values at a significance level of p<0.05.
Results and discussion
Isolation and purification
The extraction yield of the SJ polysaccharide was 19.7% (Table 1) , which is lower than the galactomannan yield (>30%) obtained from the endosperm seeds. [15] The value of the yield depends on the separation method and the source as described by Haddarah et al. [16] and may explain why S. Japonica is not yet a well-known source of galactomannan.
According to the elution profile obtained from the DEAE-52 column (Fig. 1a) , the main fraction SJ-1 was eluted with distilled water, indicating that SJ-1 was primarily composed of a neutral polysaccharide. A further purification of SJ-1 on a Sephadex G-100 column yielded the polysaccharide SJ-A (fraction 2 in Fig. 1b ), which displayed a symmetric peak as shown in Fig. 1c . According to the calibration curve, the weight-average (Mw) and number-average (Mn) molecular weights of SJ-A were estimated to be 1.5×10 5 Da and 1.4×10 5 Da, respectively. The polydispersity (Pd) was 1.07. The Mw value is less than the one determined for locust bean gum (galactomannan gum, 1.0×10 6 Da) but similar to the one of guar gum (galactomannan gum, 2.1×10 5 Da). These slight differences in weight may be related to the source, isolation, and purification methods.
The lyophilized SJ-A polysaccharide exhibited no significant absorption at 280 nm or 260 nm as observed in the UV spectrum. These results suggested the absence of protein and nucleic acid inside the isolated fraction. The purified SJ-A appeared as a white powder, suggesting fewer pigment contents in contrast to the published work reporting a light yellow colour. [17] Main physicochemical composition analysis Table 1 shows the chemical composition of the two polysaccharides. The total carbohydrate content of the polysaccharide from the pods increased from 70.7% to 86.3% after removing proteins. Only 3.05% of uronic acid was detected for SJ-A, suggesting that it mainly consisted of a neutral polysaccharide. This result was different from the one obtained for the pectin extracted from the cell walls of fruits of C. japonica. [18, 19] However, Gorbacheva et al. (1995) estimated that the substance consisted of mainly pectin (85%) and fewer amounts of a neutral polysaccharide (15%) from a roughly isolated sample, which was not further purified. [20] The GC analysis showed that mannose (60.7%) and galactose (35.1%) were the major monosaccharides present in the polysaccharide of S. japonica pods. Other monosaccharides, such as Rha, Ara, Xyl, and Glc, presented at a lesser extent in the sample. The value of the Man/Gal ratio has a fundamental effect on the physicochemical properties and health benefits of the polysaccharide, such as flexibility of chain conformation, synergistic interaction, polymeric solubility, rheological and emulsifying characteristics, and relief of chronic diseases. [21] In our study, we have obtained a value of the Man/Gal ratio for S. japonica pods of 1.73. The value was lower than the ones for tara (2.5-3.0), C. pulcherrima (2.8), G. triacanthos (3.2), locust bean (3.5-4.0), and cress seed (8.2). However, the value was higher than the ones reported for fenugreek (1.0-1.1), A. pavonina (1.35), and mesquite seed gums (1.1-1.50) . [22] The obtained M/G ratio of 1.73 was relatively lower than that of a galactomannan isolated from Gleditsia triacanthos previously determined (M/G 5.75:1) by Cerqueira et al. [23] According to the previous reports, the Galactopyranosyl (Galp) in galactomannan distributed on the Mannopyranosyl (Manp) main chain, and the Man/Gal ratio value depend on the degree of maturation of the pod, source, and extraction and purification procedures. The relatively lower M/G value indicated an enhanced substitution, which could reduce the flexibility and nonordered entanglement of the molecular chains. In addition, the galactose content was 35%, and this could make the isolated fraction an interesting ingredient for commercial applications. Indeed, it has been recognized that galactose in galactomannan has an important role on the microstructure, gelation property, and aggregation behaviour of the gum. [24, 25] Infrared spectral analysis As presented in Fig. 2 , SJ-A exhibited a typical FTIR spectrum of polysaccharides. [22] The absorptions in the wavenumber range of 950-1150 cm 
NMR spectroscopy analysis
According to previously reported structural investigations, SJ-A was initially considered as a galactomannan. [26] The preliminary structure of seed galactomannan consisted of D-Galp distributed randomly on the D-Manp backbone. The fine structure of the purified polysaccharide was Figure 2 . FTIR spectra of SJ-A. The spectra were recorded at the absorbance mode from 4000 to 400 cm −1 at a resolution of 4 cm −1 with 128 co-added scans.
characterized by NMR spectroscopy. The 1 H and 13 C NMR spectra are shown in Figs. 3a and 3b [27] Indeed, the spectra presented in this study were obtained from the partially hydrolysed polysaccharide to avoid ambiguous superposition of the signals. In addition, the various substitution patterns, namely the D-Galp residues distribution on the D-Manp backbone, could explain the difference in the recorded chemical shifts. Therefore, the fine structural characterization of SJ-A, related to the distribution of the Galp residues, deserves further investigation.
The value of the Man/Gal ratio calculated from the integrations of the relative peak areas from the ) at 1% strain.
ppm in the 1
H NMR spectrum were attributed to the protons at the C 2 -C 6 sugar carbons, which were also observable in the 13 C NMR spectrum between 60 and 80 ppm.
Rheological behaviour
The rheological behaviour of SJ-A aqueous solutions was studied and distinct viscoelastic profiles were observed among the different concentrations of SJ-A (Fig. 4) . The results of the frequency sweep tests suggested that the concentration clearly affected the rheological properties of SJ-A gum. As shown in Fig. 4a , the apparent viscosity of all the SJ-A aqueous solutions exhibited a shear-thinning behaviour of typical non-Newtonian fluids (fitted by the Cross model) at 0.5 and at 2.0% (w/v) concentration. [28, 29] As presented in Table 2 , when the concentration of SJ-A increased, the apparent viscosity magnification in the range of 0.01 to 1 s −1 changed from 40.41% times for a hydrocolloid concentration of 0.5% to 24.03% times when the concentration was 1.0%, and then continued to increase 50.96% times when the concentration reached 2.0%, indicating an increase on the chain entanglements upon being shear-induced upon the increase of the SJ-A concentration and of the yield point at a concentration of 1.0%. Then, the apparent viscosity of SJ-A decreased as the shear rate increased at the high ranges of 1-10 s −1 and 10-100 s , respectively). [30] This behaviour was similar to the ones reported for other galactomannan or seed gums and could be attributed to the changes in the network upon shear-induced chain entanglements. [3, 31] When the concentration increased, much more junction zones were present for intermolecular interactions due to the reduced distance between molecules. Therefore, more crosslinking networks or enhanced bond strength were formed, leading to an efficient resistance towards mechanical deformation. [14] The enhanced storage modulus G′ and loss modulus G″ for different polysaccharide concentrations ranging from 0.5% to 2.0% w/v were observed when increasing the angular frequency (rad s −1 , 25°C, 1% strain), as depicted in Fig. 4b . At low frequency, G′ was lower than G″ (liquid-like behaviour); as the frequency increased, the value of G′ clearly increased and the difference between G′ and G″ values diminished or the G′ value overtook the G″ value (solid-like behaviour). [32] Therefore, the SJ-A fraction produced a viscoelastic structure (a weak gel) induced by the higher frequency at 25°C. The sample containing 2% w/v of the hydrocolloid exhibited the highest values of G′ and G″, reflecting that it yielded higher structural strength due to more chains entanglements or macromolecules connections. The 1.0% w/v SJ-A solution exhibited a typical behaviour of entangled polymer solutions, with the G′ value dominating over the G″ one in the high-frequency range. A crossover point at 35 Hz appeared at a relative lower frequency than that of the crossover frequency of 40 Hz of the 0.5% w/v SJ-A solution. The results corroborated with the ones obtained from steady shear measurements (shear dependency of the apparent viscosity shown in Table 2 ), and as confirmed by the reported results for other galactomannan gums. [33] Indeed, this behaviour has been attributed to the dependency of the molecular crosslinking on concentration. The frequency value at the transition point increased when further polysaccharide was added at proportions of 1.0-2.0% w/v. These results could be explained by the fact that the polysaccharide started to exhibit the behaviour of an entangled polymer at 1.0% w/v, but the microstructural coupling of the gel at higher concentrations of SJ-A required a higher frequency. The high apparent viscosity of the 2.0% w/v SJ-A samples suggested less flexibility and hence more expanded coil geometries than the 1.0% w/v SJ-A samples. The origin of the restricted flexibility chains could be due to the steric crowding and other local interactions as the polysaccharide concentration increased. [34] In all samples, the G′ and G″ values exhibited less dependency and decreased as the concentration of SJ-A increased, as indicated by a decreasing value of the power law index (n′ and n″) at the frequency range of 0.1-100 rad s −1 . This behaviour supported the elastic gel property of the 2% w/v samples. [34] On the other hand, when the magnitudes of k′ and k″ increased together with the SJ-A concentration, the augmented effects were more pronounced on the k″ value. The results could be described as the ''weak gel'' characteristics of a polysaccharide gel formed of overlapped and entangled flexible random coil chains. [30] From these results, the existence of two or more relaxations mechanisms of galactomannan gums such as repetition or the breakup of physical bonds could be suggested. The first model based on strong and weak associations would depend on the amount of accessible backbone units, whereas the second model could be promoted by star-like structures, caused by strong physical bonds. Both possibilities could explain the microstructural coupling of the gel observed at the higher concentrations of SJ-A requiring a higher frequency of the rheometer. [33] 
Conclusion
The relaxation mechanisms of galactomannan gums, which were closely associated with internal molecular structural features and concentration of the hydrocolloid, could play a very important role in moderating the microstructural couplings of the entanglement network through different interactions between the SJ-A fractions and consequently affect their rheological properties. The present paper confirmed that the gum obtained from the pods of S. japonica was a galactomannan with a weight-average molecular weight of 1.5×10 5 Da and a medium galactose content (Man/Gal = 1.73). Monosaccharide analysis, and FTIR and NMR characterizations, revealed that the polysaccharide in S. japonica pods consisted of β-D-mannose and α-D-galactose. The gum showed shear thinning behaviour and formed a viscoelastic gel at various concentrations. The experimental results also indicated that the microstructural coupling of the gel induced at high concentrations of SJ-A required a higher frequency of the rheometer. The study provided a better understanding of the chemical and rheological characteristics of the polysaccharide, which could promote the potential use of this galactomannan resource in foods, cosmetics, or pharmaceutical formulations. 
